ABSTRACT. In plants, homeodomain proteins play a critical role in regulating various aspects of plant growth and development. KNOX proteins are members of the homeodomain protein family. The KNOX transcription factors have been reported from Arabidopsis, rice, and other higher plants. The recent publication of the draft genome sequence of cassava (Manihot esculenta Krantz) has allowed a genome-wide search for M. esculenta KNOX (MeKNOX) transcription factors and the comparison of these positively identified proteins with their homologs in model plants. In the present study, we identified 12 MeKNOX genes in the cassava genome and grouped them into two distinct subfamilies based on their domain composition and phylogenetic analysis. Furthermore, semi-quantitative reverse transcription polymerase chain reaction analysis was performed to elucidate the expression profiles of these genes in different tissues and during various stages of root development. The analysis of MeKNOX expression profiles of indicated that 12 MeKNOX genes display differential expressions either in their transcript abundance or KNOX genes from cassava expression patterns.
INTRODUCTION
Homeodomain (HD) proteins constitute a large family of transcription factors with an HD DNA-binding domain at the N-terminus in eukaryotes. HD proteins play fundamental roles in a diverse set of plant developmental processes, from pattern formation to cell type specification (Gehring et al., 1994; Chan et al., 1998; Mukherjee et al., 2009) . In plants, HD proteins can be classified into 14 distinct families based on the sequence similarity of HDs and their unique codomains (Mukherjee et al., 2009 ). KNOTTED1-like homeobox (KNOX) proteins are members of the HD protein family. KNOX genes encode atypical HD proteins that have three extra amino acids between helix 1 and helix 2 (Bertolino et al., 1995) . Within the three amino acid loop extension (TALE) family of HDs, KNOX proteins are closely related to myeloid ecotropic viral integration site (MEIS) proteins in humans because of a conserved N-terminal region. This domain, called MEINOX after KNOX and MEIS (Bürglin, 1997) , defines a subclass of the TALE family. The MEINOX domain can be divided into KNOX1 and KNOX2, and it may function in protein-protein interactions (Bürglin, 1997) . KNOX genes fall into two classes (KNOX I and KNOX II) based on amino acid similarity within consensus domains, intron position, and expression patterns (Kerstetter et al., 1994; Reiser et al., 2000) , and these classes are conserved among both dicots and monocots (Kerstetter et al., 1994; Bharathan et al., 1999; Mukherjee et al., 2009 ). Both KNOX families have a conserved diagnostic KNOX domain upstream of the HD that is composed of two blocks (KNOX A and KNOX B) separated by a variable region (Bürglin, 1997; Mukherjee et al., 2009) , as well as a shorter motif adjacent to the HD, which is named ELK (Vollbrecht et al., 1991) . KNOX I genes are required for stem cell maintenance, and they inhibit cell differentiation during organogenesis (Chan et al., 1998; Hake et al., 2004; Scofield and Murray, 2006; Jouannic et al., 2007; Tsiantis, 2009, 2010; Testone et al., 2009; Srinivasan et al., 2011) . The different regulation of KNOX I in species with simple and compound leaves subtends the diversity of foliar shape (Bhatt et al., 2004; Hay and Tsiantis, 2009) . KNOX II genes show a more widespread expression, and, although functional data are somewhat lacking, they may have a yet undefined function in development (Serikawa et al., 1997; Di Giacomo et al., 2008) . Studies on Arabidopsis KNOX II functions (KNAT3, KNAT4, KNAT5, and KNAT7) have been limited (Truernit et al., 2006; Pagnussat et al., 2007) . The expression patterns of Arabidopsis KNAT3 were profiled in aerial organs (Serikawa et al., 1997) and roots, together with those of KNAT4 and 5 (Truernit et al., 2006) . Cytokinin (Truernit et al., 2006; Soucek et al., 2007; Di Giacomo et al., 2008) , abscisic acid, and gibberellins (Morère-Le Paven et al., 2007) affect class II KNOX transcription in distinct organs. More recently, the function of the KNOX gene family has been expanded to include additional roles in lateral organ development (Tanaka et al., 2008; Hay and Tsiantis, 2010) .
Cassava (Manihot esculenta Krantz) is a tropical crop that stores important quantities of starch in its roots. The high starch content (20-40%) makes cassava a desirable energy source both for human consumption and industrial biofuel applications (Balat and Balat, 2009; Schmitz and Kavallari, 2009 ). Because of its wide ecological potential and tolerance to abiotic stress, cassava is cultivated throughout tropical Africa, Asia, and Americas. The genome of cassava is approximately 770 Mb (Awoleye et al., 1994) , and the draft genome sequence of cassava was obtained by a whole genome shotgun strategy. The cassava genome is predicted to contain 30,666 genes (Prochnik et al., 2012) . However, the function of most of the genes remains unclear. This study identifies 12 members of the KNOX protein family in cassava based on publicly available sequence information. In addition, their phylogenetic relationships and expression analysis in plant development are described.
MATERIAL AND METHODS

Database search and sequence retrieval
Using the keyword search tool, sequences of cassava, Arabidopsis, rice, maize, grape, castor bean, Populus, and Medicago KNOX proteins were downloaded from Phytozome (http://www.phytozome.net/) through the keyword search of KNOX (PF03790, PF03791) and homeobox domain (PF00046). For the misannotated genes, manual reannotation was performed using the online web server FGENESH (http://linux1.softberry.com/berry.phtml). Then, all the sequences were further manually analyzed to confirm the presence of KNOX and homeobox domains using InterProScan (http://www.ebi.ac.uk/Tools/InterProScan/).
Phylogenetic analysis
All the candidate KNOX sequences were aligned using ClustalW and checked manually to exclude potentially redundant genes (Thompson et al., 1994) , and all the non-redundant KNOX genes were used for further analysis. Analyses of phylogenetic relationships were conducted using the MEGA 5.0 with the neighbor-joining method. Bootstrap analysis was performed using 1000 replicates with the pairwise deletion option. The phylogenetic trees were displayed using the MEGA 5.0 with a 50% threshold branch value (Tamura et al., 2011) .
Gene structure analysis
The exon/intron organization for individual KNOX genes was illustrated with the Gene Structure Display Server (http://gsds.cbi.pku.edu.cn/) by aligning the cDNAs with their corresponding genomic DNA sequences from Phytozome (http://www.phytozome.net/poplar, release 2.1) (Guo et al., 2007) .
Identification of conserved motifs
The program MEME (v4.8.1) (http://meme.sdsc.edu/meme/cgi-bin/meme.cgi) was used for the elucidation of motifs in 12 cassava KNOX protein sequences (Bailey and Elkan, 1995) . Parameters were set as follows: optimum motif width set to ≥6 and ≤200; maximum number of motifs set to 20.
Plant material
Cassava (cassava cultivar Huanan 8) plantlets were sterilized with 1% sodium hypochlorite solution, and the plantlets were transferred to glass pots with Murashige and Skoog (MS) medium, pH 5.8. After cutting about 2-3 cm from the shoot tip of the cassava, shoot cuttings were transferred to a glass pot with MS medium and grown under 16-h illumination at 28°C. The roots were formed from the sections of the shoot cuttings, and the plantlets were grown until they were approximately 10 cm high during 1.5 months, and then they were used as experimental material. The seedlings were harvested, immediately frozen in liquid nitrogen, and stored at -80°C until the RNA preparation. Fibrous roots, intermediate roots, and storage roots were collected from one plantlet 4 months after growing under the natural conditions.
RNA extraction
Total RNA was extracted according to Li's method (Li et al., 2011) . The quality and concentration of the extracted RNA were checked by agarose gel electrophoresis and measured by a spectrophotometer (DU-70, Beckman, USA). The total RNA extracts were treated with RNase-free DNase I (Fermentas, Shenzhen City, Guangdong, China) to completely remove genomic DNA. The extracted total RNA was stored at -80°C until further use.
Reverse transcription polymerase chain reaction (RT-PCR) and amplification of MeKNOX genes
Total RNA (8 μg) from cassava seedlings was used for reverse transcription using an oligo-dT primer. The cDNA was diluted 150-fold. Diluted template (1 µL), was amplified using MeKNOX-specific primers (Table 1) . To establish whether MeKNOX4, MeKNOX6, and MeKNOX10 were expressed in cassava, 1, 3, and 5 µL diluted template, and 1 and 2.5 µL undiluted cDNA were amplified using MeKNOX4-, MeKNOX6-, and MeKNOX10-specific primers. PCR analysis of the MeKNOX genes was carried out with 40 cycles of programmed temperature control of 15 s at 95°C, 30 s at 57°C, and 45 s at 72°C with a 3-min preheat at 95°C and a 5-min final extension at 72°C. The actin gene was amplified as an internal control in the reactions with the actin-specific primers AF (5ꞌ-CAGTGGTCGACAACTGGTAT-3') and AR (5'-ATCCTCCAATCCAGACACTGT-3'). The PCR products were analyzed by 1.5% agarose gel electrophoresis with ethidium bromide staining.
Semi-quantitative RT-PCR analysis
RT-PCR for the analysis of MeKNOX gene expressions was performed using total RNA from cassava tissues that was amplified using primers specific for MeKNOX genes (Table 1) . Three independent RT-PCR were carried out to amplify MeKNOX genes and actin as a constitutive control that was also used to normalize the data. The cycling conditions were as follows: 95°C for 10 min and 35 cycles at 95°C for 30 s, 57°C for 30 s, and 72°C for 45 s. The PCR products were analyzed by 1.5% agarose gel electrophoresis with ethidium bromide staining.
RESULTS
Identification of the KNOX gene family in cassava
To identify putative KNOX genes in cassava, sequences of cassava KNOX proteins were downloaded from Phytozome (http://www.phytozome.net/) using the key word search of KNOX (PF03790, PF03791) and homeobox domain (PF00046). Through this approach, 12 KNOX gene sequences were identified. To confirm the putative KNOX genes in the cassava genome, the amino acid sequences of all 12 proteins were searched for the presence of HD and KNOX domain by Pfam and SMART. As a result of our extensive search for KNOX genes, 12 non-redundant KNOX genes (named MeKNOX1 to MeKNOX12) were confirmed from the original data. All KNOX candidates were manually analyzed using the InterProScan (http://www.ebi.ac.uk/Tools/ Inter-ProScan/) to verify the presence of HD and KNOX domain. The KNOX genes identified in cassava encode proteins ranging from 245 to 431 amino acids in length (Table 1) , with an average of 345 amino acids. The full-length cDNAs of the 12 KNOX genes were cloned and sequenced. To establish whether the KNOX genes were expressed, RT-PCR analysis was performed with primers based on the sequences of the 12 genes in cassava. Twelve putative KNOX genes were expressed in cassava seedling tissues, but among the 12 putative KNOX genes, the expression of KNOX4, KNOX6, and KNOX10 was very weak (Figure 1 ).
Phylogenetic analysis of the KNOX gene family
From the multiple sequence alignments of full-length MeKNOX proteins, distinctive motifs were found to be conserved (Figure 2) . The predicted protein sequences of all the MeKNOX genes were used to generate a phylogenetic tree. The tree categorized the MeKNOX genes into two major groups (class I and II) with well-supported bootstrap values (Figure 3) . We subsequently performed an exon-intron structure analysis to support the phylogeny reconstruction (Figure 3) . The KNOX genes within the same groups of the phylogenetic tree all showed similar exon-intron structures, consensus domains, and intron positions. The schematic structures revealed that each coding sequence of the MeKNOX genes is disrupted by two or more introns. Total RNA was isolated from cassava seedlings. Total RNA (8 μg) was reverse transcribed. The cDNA was diluted 150-fold. A. Diluted template (1 µL) was PCR-amplified using primers specific for MeKNOX genes. B. PCR analysis of MeKNOX4, MeKNOX6, and MeKNOX10. Lanes 1-3 = 1, 3, and 5 µL diluted cDNA, respectively, were used as template. Lanes 4-5 = 1 and 2.5 µL undiluted cDNA were used as the template and amplified using MeKNOX4-, MeKNOX6-, and MeKNOX10-specific primers. The MeACT was used as an internal control parallel in the reactions, amplified with MeACT specific primers AF (5'-CAGTGGCCGTACAACAGGTAT-3') and AR (5'-ATCCTCCAATCCAGACACTGT-3').
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To examine the phylogenetic relationships of KNOX genes from different species, a combined phylogenetic tree was constructed from an alignment of the full-length sequences of cassava, maize, rice, grape, castor bean, Populus, Medicago, and Arabidopsis KNOX proteins (Figure 4) . The results showed that MeKNOX proteins can be assigned to STM-like class I (MeKNOX7 and MeKNOX8), KNAT1/BP-like class I (MeKNOX6), KNAT2/6-like class I (MeKNOX9, MeKNOX10, MeKNOX11, and MeKNOX12), and class II (MeKNOX1, Me-KNOX2, MeKNOX3, MeKNOX4, and MeKNOX5).
Gene structure and conserved motifs of cassava KNOX genes
Twenty conserved motifs were identified in the cassava KNOX proteins using the MEME web server ( Figure 5) . Each of the putative motifs obtained from MEME was annotated by searching Pfam and SMART. Based on the distribution of the 20 predicted motifs, the 12 cassava KNOX genes were divided into two classes, which was completely consistent with the classifications from the phylogenetic analysis. Motifs 1 and 2, encoding the HD, were found in all 12 MeKNOX genes. The conserved motif 10 was identified in the KNOX1 protein, while motifs 6 and 18 were identified in the KNOX2 protein. In addition, some specific motifs with unknown functions were also found, indicating that these motifs are likely required for specific functions. The detailed information about the conserved amino acid sequences and lengths of the 20 motifs are shown in Table 2 . The minimum evolution method was used for phylogenetic analyses by the MEGA 5.0. Cassava KNOX proteins and the putative Arabidopsis orthologs are indicated by triangles and circles, respectively. Sequences of cassava, Arabidopsis, rice, maize, grape, castor bean, Populus, and Medicago KNOX proteins were downloaded from Phytozome (http://www.phytozome.net/) using the key word search of KNOX (PF03790, PF03791) and homeobox domain (PF00046).
Differential expression profile of MeKNOX genes in different cassava organs
Semi-quantitative RT-PCR was used to analyze the different organs of cassava seedlings ( Figure 6A ) to investigate if the transcript levels of the MeKNOX genes varied during plant development. MeKNOX genes displayed differential expression either in their transcript abundance or expression patterns in cassava seedlings ( Figure 6B ). The expression profiles revealed spatial variations in the expression of MeKNOX genes of different cassava organs. The expression levels of MeKNOX1, were significantly higher in the Figure 5 . Distribution of 20 putative conserved motifs in MeKNOX proteins. Motifs of KNOX proteins were identified by the MEME web server. Note that the length of each box in the proteins does not represent the actual motif size, and the colored boxes were ordered manually according to the results of the MEME analysis. The conserved amino acid sequences and length of each motif are shown in Table 2 . MEME motif sequences in cassava KNOX proteins.
tested organs than the expression levels of MeKNOX9, -11, and -12 were significantly lower in the in the tested organs. By contrast, such genes as MeKNOX4, -6, and -10 were almost not expressed in all investigated tissues. Some genes, such as MeKNOX1, were expressed in all investigated tissues but difference in the expression levels of different organs. MeKNOX9 was expressed in leaves, stem, but not in root. MeKNOX4 was in root, stem, but not in leaves. Furthermore, the transcript levels of MeKNOX genes in the same organ show temporal variations. For example, MeKNOX1, MeKNOX2, and MeKNOX3 were expressed more in the leaves than in other organs, MeKNOX7 and MeKNOX8 were expressed more in the stem than in other organs, and MeKNOX9 was not detected in the root. 
Differential expression profiles of MeKNOX genes during cassava storage root development
Our study of gene expression during storage root development provided important information about storage root formation and starch accumulation, and it unlocked new traits to improve starch yield (Sojikul et al., 2010) . In order to study the MeKNOX genes transcription patterns during cassava storage root development ( Figure 6A ), total RNA was isolated from stages of storage root development and subjected to semi-quantitative RT-PCR analysis. The expression levels of MeKNOX5 and MeKNOX8 increased during storage root development, whereas the expression level of MeKNOX1 decreased during storage root development. The expression of MeKNOX2, MeKNOX3, MeKNOX10, MeKNOX11, and MeKNOX12 seemed almost constitutive, but it was decreased slightly during storage root development. MeKNOX4, MeKNOX6, MeKNOX9, and MeKNOX10 were not expressed during storage root development ( Figure 6C ).
DISCUSSION
This study presents the annotation of 12 members of the KNOX gene subfamily in cassava based on publicly available sequence information and classifies them according to KNOX classes I and II. The total number of KNOX genes that were identified in cassava (12) is a little greater than that in Arabidopsis (8), grape (9), castor bean (8), poplar (10), and Medicago (10).
Despite the identification or prediction of KNOX genes from different species, only a small number has been functionally characterized (Li et al., 2012) . Class I genes are typically expressed in meristem-enriched tissues and not in leaves, whereas class II genes are expressed in all organs Tsiantis, 2009, 2010) . Generally, class I KNOX transcription factors are important regulators of shoot apical meristem function and leaf morphology because they contribute to dissected leaf development (Hake et al., 2004; Jouannic et al., 2007; Barth et al., 2009) . Moreover, tuber development was enhanced in transgenic potato plants overexpressing the KNOX I gene POTH1 (Rosin et al., 2003) . There is much evidence that KNOX I genes also function in root development. Scanlon et al. (2002) observed that increased KNOX I gene expression that was caused by semaphore 1 mutation led to decreased development of lateral roots. Dean et al. (2004) reported that the downregulation of an Arabidopsis KNOX I gene, KNAT6, was associated with an increased number of lateral roots. Weak expression of KNOX I genes in root tissue was also observed in Arabidopsis (Truernit et al., 2006) , tomato (Koltai and Bird, 2000) , maize (Kerstetter et al., 1994) , and two Papaveraceae plants (Groot et al., 2005) , or it was limited to a specific tissue, such as the lateral root primordium (Dean et al., 2004; Truernit et al., 2006) . More importantly, the expression of KNOX I genes in sweet potato during the secondary growth of root tissue was reported (Tanaka et al., 2008) .
The expression levels of all MeKNOX genes in four different tissues, leaves, petiole, roots, and stems, were analyzed. The expression profiles revealed spatial and temporal variations in the expression of MeKNOX genes in different cassava organs. MeKNOX5 and MeKNOX8 expression increased during storage root development, which indicated that Me-KNOX5 and MeKNOX8 could play a role in the development of the plant root. The MeKNOX1, MeKNOX2, and MeKNOX3 expression levels were significantly higher in the leaves than in the other organs, indicating that MeKNOX1, MeKNOX2, and MeKNOX3 play key roles in the leaf development. The expression levels of MeKNOX7 and MeKNOX8 were significantly higher in the stem than in other organs. Hence, these genes may play regulatory roles in stem development. In addition, other MeKNOX genes, such as MeKNOX5 and MeKNOX7, showed relatively high expression levels in all four organs. Tanaka et al. (2008) identified three different KNOX I genes (ibkn1, ibkn2, and ibkn3) in sweet potato storage roots. These genes are involved in the development of sweet potato storage roots (Tanaka et al., 2008) . Thus, the highly expressed MeKNOX genes or differentially expressed MeKNOX genes reported in this study may play regulatory roles in cassava development. However, more research is needed to determine the functions of the MeKNOX genes.
